Abstract On the basis of the exact formulas of QCD perturbation theory and parton model the hadronic production cross-sections for
B c -mesons one may hope to study in detail the properties of the bc system.
In a number of works [1] [2] [3] [4] [5] (see also more earlier works [6] [7] [8] [9] [10] ), devoted to the production of B c -mesons and their exciting states in e + e − annihilation it is shown that the process of B c (B * c )-meson production at high energies can be represented as b-quark fragmentation into B c -meson. The analytical expression for the fragmentation function D b→Bc (z) and relative probability of ∼ 10 −3 is obtained, which allows one to relate the process of B c -meson production with the production of bb pair with large invariant mass.
In e + e − annihilation the production cross-section of B c -mesons is related with that of b-quarks in the following way dσ e + e − →Bc(B * c )bc
where z = | p|/2 √ s, p -momentum of B c -meson, √ s -total energy squared of e + e − pair, D b→Bc (z) and D b→B * c (z) -fragmentation functions, while σ e + e − →bb -cross-section of the process e + e − → bb, calculated in Born approximation. One should note, however, that factorized form (1) in e + e − annihilation is realized when M 2 Bc /s is small. Hence, form (1) could be realized in hadronic production only for large p ⊥ of B c -meson. The final answer in the case of hadronic production of B c -mesons turns out to be more complex. First, in hadronic production the region of small invariant masses dominates, where the asymptotical regime with the cross-section factorization (1) is not realized yet. Second, for hadronic interactions the new type of diagram appears (called further recombination diagrams) for which such factorization is absent. The contribution of these diagrams, dominating at small invariant masses of the B cb c system, falls with the increase of this mass, but for all studied energies is substantial. As the result of exact numerical calculations of matrix elements we will show that for reasonable values of the B c -mesons transverse momenta , produced at hadron colliders, the contributions of both fragmentation and recombination types are significant. For small transverse momenta the last one dominates.
The work is organized as follows. In the first Section the procedure of matrix element calculation is presented. The behavior of differential cross-sections of the subprocess gg → B cb c as a function of total gluon energy is discussed in the second Section. To obtain the cross-section of B c -mesons in hadronic collisions we convolute in Section 3 σ gg→Bcbc with structure functions of gluons in initial hadrons.
Calculation method.
On the tree level the subprocess is described by 38 Feynmann diagrams, that can be restored from Fig. 1 and Table 1 . As in [1, 3, 11] the amplitudes can conveniently be calculated by direct numerical multiplication of γ-matrixes, spinors and polarization vectors.
Let us introduce the following notions:
The three gluon vertexes are used in the form:
Two quark currents are defined as follows:
Besides, let us introduce subsidiary spinors:
Gluon polarization vectors are used in the following way:
The matrix element squared are summed over orthogonal gluon states:
Note, that ǫ ′ 2 = ǫ ′′ 2 = −1, and p · ǫ = 0, where p -gluon momentum. For colour indexes we use notions:
upper index g 1 , g 2 -gluons; lower index q 1 -b-quark; lower index q 2 -b-quark; lower index q 3 -c-quark; lower index q 4 -c-quark. The contributions from appropriate diagrams ( see Fig. 1 and Tab. 1 ) will have the following forms (colour coefficients are surrounded by braces): One can represent the matrix element of the given subprocess in the following form:
whereM α is a spinor part of the contribution of the diagram with number α, C α -colour part and M α = C α ·M α is the total contribution of the appropriate diagram. The matrix element squared for the subprocess gg → bbcc is obtained from the formula:
where µ i -polarization states of initial gluons, λ j -a set of helicity states of final fermions, M γ -helicity part of the contribution from the appropriate Feynmann diagram, C αβ -colour matrix calculated by a separate program by using the formula:
where i 1 , i 2 -colour states of initial partons, f 1 , f 2 , f 3 , f 4 -colour states of final quarks and C γ -colour part of the appropriate Feynmann diagram. The cross-section of the subprocess under consideration is obtained through Monte-Carlo integration over the phase space of bbcc particles and averaging over the colour and helicity states of initial gluons.
2 B c -meson production cross-section.
We confine ourselves to the consideration of the S-wave states of B c -mesons. The underlying assumption of our calculations is that the binding energy of two quarks, b,c is much less than their masses and, hence, heavy quarks in the bound state B c are actually on the mass shell. In this case the 4-momenta p b and p c of the quark constituents of B c -meson are related with the 4-momentum P of B c -meson as follows
where M = m b + m c is the B c -meson mass. Hence, the B c -meson production is described by the diagrams of Fig. 1 by combining two quark lines to meson line and singling out the states with definite quantum numbers. The amplitude of B c -meson production can be expressed through appropriate projection operators and helicity amplitudes M hh (λ i ) as follows:
where summation is made over the helicity h,h and colour q,q indices of the quark and antiquark producing B c -meson. The helicities of remaining fermions are symbolically denoted through λ i . Projection operators P h,h have the following explicit form (H = h −h) [1, 3, 12] :
for the S 0 -state and
for the S 1 -state. The value of the wave function at the origin Ψ(0) is calculated in the nonrelativistic potential model and also in the QCD sum rules [13] and is related with the decay constant [14] . The calculation of the colour matrix and integration over the phase space of final particles is analogous to the case of four free quark production.
The FORTRAN program for the calculation of the matrix element was obtained by means of slight changes of the program calculating the matrix element of four free quark production. This program was checked on the Lorentz invariance with respect to boost along the beam axis and azimuthal invariance (p x → p y and p y → −p x ). Table 2 and (4), (12), (13) of Fig. 1 the quark-antiquark pair is created on the leg of quark of a different flavour. We call such diagrams as fragmentation ones. As for diagrams (1), (2), (5)- (11), called recombination type diagrams, quark-antiquark pairs are created independently.
In [1, 2] it was shown, that for the process e + e − → B cb c described only by fragmentation diagrams, for
Bc s ≪ 1, the mechanism of fragmentation is realized, and for the cross-section equation (1) is right. Using the same method as in [2] , one can easily show, that for the subprocess gg → B cb c cross-section, the contribution of fragmentation diagrams in the regime 
where functions D(z) and D * (z) are the same as in the process e + e − → B c (B * c )bc and σ gg→bb is the cross-section of the process gg → bb for the same energy.
For D(z) we will use the following formulas [2, 3] :
for the pseudoscalar B c -meson and Fig. 5d nonscaled terms in the fragmentation region remains also at 100 GeV.
Figs. 6a, 7a,d, 8a,d show the same distributions but for the case of vector meson production (at the energies of 20, 40, 100 GeV respectively). From them one can conclude that the contribution of recombination diagrams to the cross-section is still larger than in the case of B c -meson production. This explains the fact that the ratio σ B * c /σ Bc in gg collisions is different from that in e + e − collisions, where the fragmentation mechanism is dominant.
When comparing distributions over z at different energies one can see that the form of distributions considerably changes both in the case of B c -and of B * c -meson production. The observed dependence of σ B * c /σ Bc shows that the contribution of the recombination diagrams decreases with the energy growth faster than the contribution of fragmentation diagrams, although at all the reasonable energies it remains significantly large.
The fragmentation and recombination contributions have different behavior over the transverse momentum (see Figs. 4c, 5c ). These cross-section distributions of the gluonic B c -meson production are shown for energies 40, 100 GeV (solid and dashed lines correspond to the total cross-section and its fragmentation part respectively). In the case of In the parton model the total cross-section for the B c (B * c )-meson production is expressed through the subprocess cross-section in the following way:
whereŝ-invariant mass squared of interacting partons; x 1 , x 2 -portions of parton momenta in the appropriate protons;
-parton structure functions in interacting hadrons; σ ij (ŝ)-the subprocess ij → B cb c cross-section.
The gluon structure functions G(x, Q 2 ) are as follows [15] :
The structure functions of valent quarks u, d in the proton (ū,d in the antiproton) have the following form:
where K ′ (S) = 2 √ S exp (−1.5S). The structure functions of sea quarksū,d in the proton (u, d in the antiproton) are equal to: Tevatron and, at last, the energy √ s = 16 TeV corresponds to the conditions of ppexperiment at LHC. The energy dependence of the cross-section summed also overB c is shown in Fig. 9 . From Tab. 3 it follows that for √ s = 40 GeV the summed meson production crosssection σ sum is ∼ 10 −4 of the total bb production cross-section which makes the study a very complicated task in these experiments. One should note that in this case one cannot use only the gg → B cb c contributions and we take into account also the→ B cb c one.
There are experiments at Tevatron and LHC that will have a real possibility to discover the hadronic B c production, because in the latter case dx (see Fig. 11b ) show that the particles are created in the central region, the cross-section dominates in the interval from -0.3 to 0.3.
From Fig. 10b it follows that the mean B c -meson transverse momentum is not large and has the value of the order of 6 GeV. Figs. 10c, 11d , where the distributions over band c-quark transverse momenta are presented, show that mean transverse momenta of remaining free quarks is actually the same as that of B c -meson.
From the distributions of Fig. 11a over the angle between the directions of motions of B c -meson and c-quark one can see that in most cases the c-quark moves in the same direction as B c -meson.
It is interesting to note that the distribution over the invariant mass of three final particles M Bcbc both for vector and pseudoscalar mesons (Fig. 10a) shows that the crosssection is saturated in the region of M Bcbc from the threshold up to the 100 GeV and that the mean value of M Bcbc is of the order of 30 GeV.
The of 100 GeV (see Section 2) over: a) z (dotted line -fragmentation mechanism prediction ); b) cos Θ; c) the transverse momentum; d) z for the fragmentation contribution (dashed line) and for the fragmentation mechanism prediction (solid line). Fig. 9 The total B c -meson hadronic production (blank marker) in nb and the bb-pair hadronic production in µb (black marker). 
